We investigated an osmotic remedial mutant of Saccharomyces which was deficient in galactose-1-phosphate uridyl transferase. Both the rate of growth and the transferase activity of the mutant culture were dependent on the osmotic activity of the growth medium. Organic and ionic solutes proved to be equally effective in inducing the osmotic remedial response. The galactose pathway enzymes were separable by ultracentrifugation, indicating that a stable interenzyme complex was not formed. The results were consistent with the hypothesis that the corrective effect occurs at the tertiary or quaternary level of organization in an environmentally sensitive protein. The possibility that the osmotic remedial response represents an effect of translation is discussed.
Hawthorne and Friis (12) found that certain nutritional auxotrophs in yeast were able to grow in the absence of the required nutrient when the osmotic pressure of the growth medium was increased. These mutants were designated as osmotic remedial. A variety of compounds, including diethylene glycol, glycerol, and KCl, was effective in inducing the osmotic remedial response. The osmotic remedial mutants were not limited as to nutritional type, since auxotrophs capable of responding to increased osmotic pressure were discovered among cultures requiring purine and amino acid supplementation. However, for a particular requirement, this phenotype was found to be allele-specific. Many of the osmotic remedial mutants were also found to be temperature sensitive (12) . The correlation of the osmotic remedial response with temperature sensitivity, as well as the observation that the majority of osmotic remedial mutants studied were also capable of intragenic complementation, suggested that the genetic lesions responsible were missense substitutions (6, 12) . The mechanism of intragenic complementation is believed to involve the formation of a mixed aggregate consisting of polypeptide chains from both parents. Interaction in the aggregate form is thought to correct the individually defective subunits. Genes that can show this type of complementation are thought to specify an enzyme which is an aggregate of identical polypeptide chains (2, 9) .
The observation that none of the osmotic remedial mutants tested possessed a suppressible phenotype (12) further supports the hypothesis that an osmotic remedial allele controls a protein with a missense genetic defect. Suppressible mutants were described in yeast by Hawthorne and Mortimer (14) , and these mutants are thought to have genetic defects of the nonsense type.
Hawthorne and Friis (12) proposed that an osmotic remedial allele produces an enzyme with a missense defect, rendering it inactive and unusually sensitive to physical parameters. By changing these parameters, such as temperature, osmotic pressure, or both, activity can be at least partially restored by correcting the critical bonds which were disrupted by a missense amino acid substitution.
The object of this investigation was to examine the properties of a particular osmotic remedial mutant in some detail. To accomplish this, we used a haploid mutant of Saccharomyces cerevisiae which was unable to utilize galactose because of a deficiency of galactose-1-phosphate uridyl transferase. Such mutants are designated as gal-7 (4).
The utilization of galactose by Saccharomyces is inducible and proceeds by the following enzymatic steps, the first three of which are often referred to as the Leloir pathway (15, 16, 18) .
BASSEL AND DOUGLAS UDPGa1 (CPimera) > UDPG G-l-P (phosphoglucomutase) G-6-P The first three enzymes (kinase, transferase, and epimerase) are inducible by free galactose, and the structural genes on these three enzymes are tightly linked (4). A recessive mutation (i-) allows the constitutive synthesis of all three enzymes (5) . Phosphoglucomutase is normally a constitutive enzyme (3) (25) . The hybrids were then sporulated, and the segregants from four spored asci were spatially separated with the aid of a micromanipulator. The techniques employed were fully described elsewhere (13) .
Generation time exper-imelits. Generation times (time during the log phase required for a doubling of cell mass) were determined in the PYGaI basal medium. Compounds added to increase the tonicity of the medium were routinely autoclaved together with the peptone and yeast extract, whereas filtersterilized galactose or glucose was added after autoclaving.
To insure full induction, the cultures were incubated overnight and then were diluted in the same medium to equalize initial optical density (OD). After dilution in side-arm flasks (10 ml/flask), the cultures were placed on a reciprocal shaker (110 cycles/min). OD readings were taken on a Klett-Sommerson colorimeter by use of a # 540 green filter. Generation times were calculated from semilogarithmic plots of Klett readings versus time. We used only those readings within which OD was proportional to cell mass (below a Klett reading of 200). At the conclusion of these experiments, the cultures were routinely examined for contamination and were plated on PYGal to determine whether a significant revertant population had accumulated. A revertant population large enough to have affected the results was never observed.
Cell-free extract preparation. Cells were grown in the PYGal basal medium, and, when appropriate, the medium was supplemented with diethylene glycol to a concentration of 0.5 M. Cultures unable to utilize galactose were grown in an induction medium. The cultures were incubated at 30 C with continuous shaking. The time of incubation was adjusted so that the cells were in the middle to late log phase when harvested. The cells were packed by centrifugation, washed once in distilled water, suspended in a 0.03 M tris(hydroxymethyl) aminomethane (Tris) -chloride buffer (pH 7.6), and disrupted by one passage through a French pressure cell (10,000 to 15,000 psi). The resulting cell-free extract was centrifuged to remove debris and was kept at 0 C until used.
Enzyme assays. The methods of enzyme assay have been fully described elsewhere (3, 4) . Changes in absorbancy were measured in 1-ml cuvettes by use of a monochrometer (Beckman Instruments, Inc., Fullerton, Calif.) equipped with an automatic cuvette positioner (Gilford Instrument Laboratories, Oberlin, Ohio), a Gilford optical density converter, and a model S recorder (Leeds and Northrup Co., Philadelphia, Pa.). Protein was measured with biuret reagent (17); bovine serum albumin was used as the standard.
Sucrose gradienzt cenitrifugationi. The approximate molecular weight of an enzyme in crude extract may be determined by comparing the mobility of the unknown to that of a standard protein (19) . The gradients were prepared by layering 0.1 ml of crude extract (10 mg of protein per ml) on 4.8 ml of a 5 to 20% sucrose gradient. Human hemoglobin (Pentex, Inc., Kankakee, Ill.; 2 X crystallized, 4.1S, molecular weight 64,500) was employed as the marker of known mobility. The hemoglobin marker (0.1 ml of 10 mg/ml solution) formed a narrow band after centrifugation, and its position was determined visually. The gradients, as well as the extracts, were prepared in 0.03 M Tris-chloride (pH 7.6) plus the progeny. Twenty-one asci, giving four viable segregants, were recovered from this cross, and, in every case, a 2:2 segregation of the osmotic remedial and wild-type phenotypes was observed. Seven of the 42 osmotic remedial segregants, however, proved to be leaky, although they retained the ability to respond to osmotic pressure. These cultures were able to grow appreciably in a galactose medium unsupplemented with diethylene glycol. Apparently, transferase activity can be modified independently of the osmotic remedial response.
If a single modifier gene is responsible for the leaky segregants, the data indicate that significant linkage exists between this locus and the transferase locus. To examine this question, a cross was made between a leaky culture and a parental (tight) gal-7 culture. The diploid resulting from this cross proved to be osmotic remedial, although the leaky phenotype was recessive. Among the six asci dissected, two were 2:2 for parental and leaky, three were 1:3 for leaky and tight, and one ascus gave only four tight segregants. The absence of a 2:2 pattern of segregation indicates that a single suppressor locus is not responsible for the leaky phenotype.
Four osmotic remedial segregants from a single ascus, including both the leaky and the tight varieties, were selected for further study. In Table 2 Table 1 ). Table 4 demonstrate the proportionality of the solute concentration to the growth rate of the osmotic remedial gal-7 culture, over a concentration range that does not affect the wild-type culture. Since the normality of a solution is proportional to osmotic pressure, it can be seen that, in the concentration range of 0 to 0.5 N, ionic solutes (K+, Na+, C17), on a molecule to molecule basis, are about equally as effective as are the organic solutes (diethylene glycol, ethylene glycol). At concentrations in excess of 0.5 N, however, organic and ionic solutes are not equally effective and wild-type growth is inhibited.
The osmotic remedial gal-7 culture having glucose as the carbon source was not osmotically fragile per se (Table 5 ). It can also be seen that 0.5 N concentrations of diethylene glycol or ethylene glycol did not inhibit the growth of this culture.
Molecular weight estimates of galactose path- b Galactokinase activity expressed as: ,moles of hexose phosphorylated/ (hr -mg of protein).
c Transferase and epimerase expressed as specific activity: (AOD X 1,000)/(min X mg of protein).
d Os rem = osmotic remedial. In addition, transferase from wild-type cultures was compared to transferase from osmotic remedial cultures. In all cases, the enzymes sedimented as single, symmetrical peaks. Galactokinase, transferase, and epimerase varied considerably in molecular weight, indicating that a state of interenzyme aggregation is not necessary to the activity of the individual species (Table 6) . Within the limits of experimental accuracy, the estimated molecular weight of transferase from the osmotic remedial cultures was compa-rable to that of transferase from wild-type cultures.
DISCUSSION
Our results are consistent with the hypothesis advanced by Hawthorne and Friis (12) that an increase in osmotic pressure directly affects the mutant enzyme, restoring at least partial activity. The osmotic remedial gal-7 mutant was found to contain substantial amounts of the other closely linked and coordinately regulated galactose enzymes, indicating that it was not defective at the level of inducer permeation or effectiveness.
As the term osmotic remedial implies, Hawthorne and Friis (12) found that, with organic or inorganic solutes mutant growth was dependent upon osmotic pressure. The gal-7 mutant used in this study exhibited similar characteristics.
We employed generation time as a measure of the degree of response, and organic and inorganic solutes were similar in effectiveness over a concentration range neutral to wild-type growth.
The most obvious effect of an increase in solute concentration is the cellular dehydration (plasmolysis) that occurs under hypertonic conditions. Plasmolysis is known to affect the solvent properties of the cytoplasm as well as intracellular ionic strength (1). (10) . In this case, it was proposed that three closely linked genes controlled the enzymes that were individually inactive unless organized into an interenzyme complex. In another case (23) , isoleucine-valine auxotrophs of Neurospora contained high levels of all of the necessary enzymes and yet were unable to grow in an unsupplemented medium. It was thought that a mutation prevented the correct orientation of the enzymes in the in vivo complex necessary to the functioning of the entire pathway. We found that the galactose-pathway enzymes were separable by ultracentrifugation and that accelerated growth rates in the presence of diethylene glycol were correlated to an increase in transferase specific activity. These findings are consistent with the idea that it is the activity of the defective enzyme, and not merely the manner or degree of its inclusion within a multienzyme complex, that is affected by osmotic remedial conditions.
Another explanation for the osmotic remedial response would be that hypertonic conditions increase the level of miscoding (mistakes in the translation of messenger ribonucleic acid into an amino acid sequence), resulting in a favorable amino acid substitution in a fraction of the enzyme protein. It is known from in vitro studies of amino acid incorporation into polypeptide (by use of a synthetic messenger) that the fidelity of translation can be affected by the concentrations of polycations, organic solvents, or magnesium ion (21, 24) . Although it is not known just how much miscoding an organism can tolerate without a negative effect on viability and survival, selective pressure would be expected to keep translation precise as well as stable in the face of minor environmental changes. In this study, however, a 0.1 N concentration of organic (ca. 0.8%) or inorganic (ca. 0.3%) solutes gave rise to a detectable osmotic remedial response. It seems unlikely that the translation machinery would be subject to such subtle and nonspecific influences. It was also observed that a diethylene glycol concentration of 0.5 N was neutral to wild-type growth and transferase activity and to mutant growth with glucose as the carbon source, whereas the transferase activity of the mutant could be restored to 18% of wild-type activity by this concentration. This result is consistent with the hypothesis that osmotic remedial conditions specifically affect the mutant enzyme and not the translation process common to all cellular protein. The toxic effect of a temperature-sensitive lethal mutation on Neurospora (20) was attributed to the production of nonfunctional protein as the result of generalized miscoding. However, in the absence of more specific information concerning the amount of miscoding that can be tolerated and the interaction in vivo between environment and translation, the possibility that the osmotic remedial response affects translation cannot be ruled out.
We also observed a genetic modification of transferase activity but not of osmotic remediability. These leaky segregants are not analogous to the suppressed mutants studied in Saccharomyces by Hawthorne and Mortimer (14) , since the segregAtion of a single suppressor locus could not be demonstrated. Our data indicate that the coincidence of two independently segregating genes is required for the leaky phenotype. This phenomenon is currently under investigation.
